Tetracycline-resistant bacteria and genes encoding tetracycline resistance are common in anthropogenic environments. We studied how wastewater treatment affects the prevalence and concentration of two genes, tetA and tet B, that encode resistance to tetracycline. Using real-time polymerase chain reaction (PCR) we analysed wastewater samples collected monthly for one year at eight key-sites in a full-scale municipal wastewater treatment plant (WWTP).
INTRODUCTION
Tetracyclines are cheap, broad-spectrum antibiotics, used extensively in human and veterinary medicine, as well for general antimicrobial use and growth promotion in farming and agriculture (Roberts 2003) . In wastewater treatment plants (WWTPs) tetracyclines have been detected both in the influent and effluent (Karthikeyan & Meyer 2006) . Bacteria resistant to tetracycline and genes encoding tetracycline resistance (tet-genes) are also commonly described in WWTPs (Guillaume et al. 2000; Auerbach et al. 2007; Zwenger & Gillock 2009) . One study has shown that the fraction of tetracycline-resistant bacteria increased with increasing concentrations of influent tetracycline (Kim et al. 2007a,b) . In addition, it has been suggested that tet-genes can be transferred between different bacterial species in wastewater environments (Rhodes et al. 2000) .
However, previous studies of tet-genes and tetracyclineresistant bacteria in WWTPs have mainly described their occurrence and/or concentration, but their relation to physiochemical parameters, bacterial and biomass load have not been considered in the investigations. In addition, it is poorly studied how concentrations of tet-genes are affected over time and by the treatment processes in WWTPs.
In this study we focus on the tetA and tet B genes, which are common in soil and water environments (Auerbach et al. 2007; Patterson et al. 2007; Bö rjesson et al. 2009a) . It has been shown that the concentration of both genes varies between different types of wastewater environments and over time (Bö rjesson et al. 2009a) , and one study showed that the tet B concentration in wastewater is connected to the use of tetracycline (Peak et al. 2007 ). Furthermore, environmental bacterial isolates have been described as transferring plasmids, harbouring tetA and tet B, in vitro at The tetA and tet B encode resistance through efflux pumps, and genes encoding tetracycline efflux pumps are more common in the environment compared to those encoding ribosomal protection proteins, the other main tetracycline resistance mechanism (Roberts 2005; Patterson et al. 2007 ).
Furthermore, tet B has the widest host range of the genes encoding efflux pumps among gram-negative bacteria (Roberts 2005) .
The aim of the present study was to investigate how the treatment process in a full-scale municipal WWTP affects tetA and tet B concentrations during all seasonal changes over one year, using our recently developed LUX TM real-time PCR assays, previously shown to exhibit high sensitivity and specificity for determination of gene concentration in wastewater (Bö rjesson et al. 2009a ).
Furthermore, we wanted to determine in what way the concentrations of tetA and tet B are related to the concentrations of faecal bacteria and physiochemical parameters (e.g. total-phosphorus, chemical oxygen demand (COD) and biomass) and to describe and explain the eventual correlation between them. To our knowledge, this is the first long-term study to describe how the treatment process in a WWTP affects tetA and tet B concentrations during the seasonal changes over one year, and how the concentrations are related to the physiochemical parameters, bacterial and biomass load.
MATERIALS AND METHODS

The wastewater treatment plant and sampling
The Rya WWTP, Gothenburg, Sweden, receives wastewater from , 830,000 person equivalents, with a daily average flow of 350,000 m 3 . It is designed for biological nitrogen removal, utilising pre-denitrification in a non-nitrifying activated sludge system, and post-nitrification in a trickling filter. The system has a solids retention time of 2 -4 days in the activated sludge system and a total hydraulic retention time of 8-10 h. Detailed information about the treatment process at Rya WWTP, and process data can be found at http://www.gryaab.se.
One 500 ml water sample was collected as a grab one PhosVerY 3 Reagent Powder pillow (HACH LANGE LTD) was added and incubated 5 -10 minutes at RT.
The phosphorus content (P s , mgPl 21 ) was determined using a HACH Spectrophotometer DR/2010 (HACH LANGE LTD), program 490. To 25 ml distilled water (P 0 ) and 25 ml 0.5 mg l 21 phosphorus-solution (P R ), one PhosVerY 3 Reagent Powder pillow was added, and measured as above. P tot in the sample was calculated using P tot ¼ (P s 2 P 0 2 P R ).
Statistical methods
The tetA and tet B gene concentrations, total-DNA, coliform bacteria, E. coli and physiochemical parameters were correlated with each other using Spearmans correlation coefficient, two-tailed, p-value , 0.05, in SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA). (Table 1 ). However, for both genes, higher medians were observed in AS than in IN. Furthermore, for tetA the median was higher in WR compared to BTF, ATF and OUT.
RESULTS
Higher concentrations of both genes were observed at sites with higher amount of biomass, i.e. AS and WR.
Comparing IN and OUT, a reduction was observed in tetA and tet B gene concentrations: 0.6-2.5 and 0.5-1.6 log 10 units, respectively (Figure 2a and c) . Comparing IN and PS, a reduction was observed in 11 months, from 0.03 to 0.4 log 10 units, for tetA concentration (Figure 2a ), and in 9 months from 0.03 to 0.7 log 10 units for tet B concentration (Figure 2c ). Accumulations of tetA, 0.4-1.5 log 10 units, and tet B, 0.5-1.6 log 10 units were observed in AS compared to IN (Figure 2a and c) ). The process in the trickling filter reduced the tetA and tet B concentrations by 0.6-1.5 and 0.6-1.3 log 10 units, in all months (Figure 2b and d) .
If related to biomass, the tetA and tet B gene concentrations varied over time and between the sampling sites ( Figure 3) . When comparing the median of tetA concentration over the year at each sampling site, we observed that the concentration decreased during the wastewater treatment process, but the decrease was smaller compared to when the tetA gene concentration was related to water volume ( Table 1) As is the purpose of the WWTP, COD, solids, N tot , P tot and faecal bacteria were reduced throughout the WWTP (Figure 4) . When tetA and tet B concentrations were correlated to the physiochemical parameters, a statistically significant correlation was found between reduction of both genes and the reduction of COD, 0.1 -0.5 log 10 units and P tot , 0.6-1.3 log 10 units (Table 3 ). The reduction of tetA and tet B was also significantly correlated with reduction of biomass, 0.4 -1.8 log 10 units.
DISCUSSION
In this study we found that both the genes tetA and tet B occur throughout the year, and throughout the entire treatment process in a full-scale WWTP (Figures 2 and 3) .
A reduction of tetA and tet B concentrations is observed over the treatment process, and the reduction may partly be explained by precipitation and sedimentation in the WWTP. This is supported by a significant correlation in reduction of tetA and tet B, respectively, related to water volume, to reduction of biomass, COD and P tot (Table 3) .
The reasons for P tot removal are precipitation and sedimentation, and COD is reduced through biological Earlier studies have shown that the sedimentation process has an essential role in the removal of bacteria (George et al. 2002; Zhang & Farahbakhsh 2007) , and the tetA and tet B reduction are correlated with reduction of total coliform bacteria ( Table 3 ). In addition, the retention time probably plays an important role in reducing both genes, since the reduction of coliform bacteria likely is dependent on retention time (George et al. 2002) . However, the concentration of tetA and tet B in relation to total-DNA showed a decrease over the treatment process in most months ( Figure 3) , indicating that there may be additional mechanisms behind the reduction. The biological processes in the WWTP, i.e. activated sludge, trickling filters and the anaerobic digesters, may have a role in the reduction of the tet-genes, because when related to total-DNA, tetA and tet B levels are lower in or after these processes (Figure 3 ).
In the biological processes, bacteria are utilised for removal of nutrients and organic compounds (Wagner & Loy 2002) , and a possible explanation for the reduction may be that bacteria harbouring tetA and tet B are not favoured in these processes. Only part of the wastewater is treated in the trickling filters, and the treated water is pumped back into Figure 3) indicates that the 20 -30 days of anaerobic digestion at 378C play a major role in reducing tet-genes. That the WWTPs in fact reduce concentration of tet-genes are supported by an earlier study (Auerbach et al. 2007) , and this study suggested that lowered tet-gene abundance was primarily attributed to lowered amount of biomass. However, it did not offer any further explanation for the reduction or mechanisms behind the reduction. Figure 3 ), suggesting that the removal of the genes is related to general removal of organic matter in the primary settlers.
In addition, an earlier study found that the number of tetracycline-resistant bacteria in activated sludge increased with increasing amount of biomass (Kim et al. 2007a,b) .
It could be expected that tet B generally would exhibit lower concentrations than tetA, because tetA is reported to exhibit higher concentration in different types of wastewater environments than tet B (Bö rjesson et al. 2009a) .
High concentrations of tetA and tet B might also be expected in WWTPs, because both genes are commonly found in a wide range of gram-negative bacteria (Chopra & Roberts 2001) , carried on easily transferable plasmids, which are common both in human colon and in wastewater (Penders et al. 2007; Reinthaler et al. 2003) . If concentration of tetA and tet B is connected to concentration of faecal bacteria, it could be expected that gene concentration would correlate to faecal bacteria concentration. This was the case for the tetA related to water volume, but not for tet B (Table 2) . Other studies have shown that tetA is to wastewater, and tetA may be more prevalent in bacterial populations than tet B.
CONCLUSIONS
The current study describes that tetA and tet B gene concentrations have a stable occurrence over time in an activated sludge and trickling filter municipal WWTP, using our recently developed quantitative real-time PCR assays.
Furthermore, the gene concentration decreases during the treatment process. Earlier studies have described similar results of tet-genes in WWTPs, but have neither performed such a long-term investigation nor offered an explanation to the removal. We show that the reduction likely is connected to removal of bacteria, biomass and solid material in the treatment process, implying that precipitation and sedimentation processes play a major role. In addition, biological processes appear to contribute to reducing the abundance of the genes. The number of tetA and tet B genes in the WWTP seems also to be influenced by the amount of biomass. Although, the concentrations are reduced, there are still high concentrations in the outlet, implicating
WWTPs as a potential source for dissemination of tetracycline resistance.
